The investigation of a capillary-based heat exchanger is presented for potential integration with thermoelectric devices and thermal energy harvesting. The exchanger is a microfabricated device, designed to promote phase change of low boiling-point working fluids and enhance heat transfer from thermoelectric devices as a result.
INTRODUCTION
Future population growth places a high demand on the availability of electrical power and energy as a whole. Efficient and environmentally responsible power production is growing in importance and will continue this growth as global population expands. The U.S. Department of Energy has predicted that, compared to 2006 levels, global energy demand will increase up to 44 % by 2030 [1] . This places high demand on the development of alternative energy sources as well as increased emphasis on clean, affordable energy production. Increased energy sustainability is of critical importance to these efforts. In 2007 alone, the United States consumed 101.5 quadrillion BTUs of energy while the transportation sector was responsible for more than 28 % of that total [2] .
Work continues at a rapid pace to develop traditional sources of "clean" energy like solar and wind power. Another method for reduced energy consumption is through the increased operating efficiency of devices currently in place. Waste heat is energy that is discarded as part of a larger process and presents an opportunity to accomplish this goal. It has been noted that the typical efficiency of an Otto Cycle engine is typically on the order of 35 %. The bulk of the remaining energy is emitted as waste heat via exhaust or cooling flows [3] . This is of particular interest to research focused on energy consumption and thermal energy scavenging opportunities. Other energy users, like industrial and commercial sectors, reject high amounts of low temperature waste heat into the environment as well and present a further opportunity for thermal energy scavenging.
Because of this significant release of thermal energy into the surrounding environment, there is an opportunity to develop systems designed to scavenge this energy and produce electrical power as a result. This represents an overall efficiency increase for any system and a reduced reliance on traditional energy sources regardless of energy use sector. Thermoelectric devices have been considered for use in these applications. This paper focuses on the manufacture and testing of a small scale heat exchanger designed to integrate with devices like thermoelectrics. In this manner, the operation of a thermoelectric may be enhanced and the ability to scavenge thermal energy from exhaust flows or other waste heat sources is maximized. Through focus on a small scale, microfabrication approach, several advantages are gained. A single device may be used to scavenge thermal power from a small source. Through scaling and the savings associated with microfabrication, multiple devices may be employed on larger thermal sources. This increases the potential impact of the technology.
Thermoelectric generators (TEGs) have been under investigation for some time as a means to convert low temperature waste heat to useful power. Although materials have varied, some of the earliest work has produced working devices utilizing polySiGe or pure poly-Si [4, 5] . In this early work, a temperature gradient of 5 to 10 K was utilized to scavenge energy from the human body. In essence, thermoelectric generators represent a solid-state energy conversion system in these applications [6] . Bell notes there is increasing potential for these devices to find application in great diversity from industrial heat sources to automotive exhaust. Saqr et al. noted the progress and challenges of thermoelectric (TE) application in exhaust flows in particular [7] . Among the challenges is the need for highly efficient TE materials and similarly advanced supporting hardware. This includes advanced heat transfer systems [6] [7] [8] .
Previous effort to maximize efficiency and operation of TE materials via advanced heat exchangers has been limited compared to outright TE material research. Crane and Jackson performed basic modeling work, verified experimentally, that incorporated cross-flow air heat exchangers with a Bi 2 Te 3 thermoelectric generator (TEG) [9] . Exchanger geometry (to minimize flow losses) and material selection were noted as critical components to exhaust gas waste heat recovery by a variety of research efforts [7, 8, 10] . Heat exchangers applied to water flow for TEG operation have also been studied [11] . Micro components were specifically utilized in this work to address space limitations. Chein and Chein conducted heat exchanger work combined directly with TE performance. A microchannel heat sink was fabricated from a base silicon wafer with dimensions 40 mm by 40 mm [12] . This exchanger was paired with a thermoelectric cooler (TEC). Other similar research has resulted in small-scale exchangers of similar dimension and application [13, 14] .
Although uncommon in TE research, the use of phase change devices for heat transfer has been generally pursued due to increased cooling requirements of modern computer chips [15, 16] . Micro-devices and micro channel design have been of particular interest [16] . As an alternative, capillary driven exchangers have been studied where working fluid phase change is again the primary means of heat transfer [17] [18] [19] [20] [21] [22] . Working fluids have varied, but were typically dependent on the expected temperature ranges of the final applications.
Work at Louisiana Tech is presently focussed on the design and fabrication of a unique heat exchanger that relies on multiple rows of capillary channels to promote phase change of a working fluid. In this manner, integration with a TEG will yield an advanced, condensed device suitable for many applications of thermal energy scavenging including exhaust flows. The use of capillary action channels allows working fluid to continually flow across the heated exchanger surface and extract thermal energy as a result. Open rectangular capillary channels have been previously modeled and validated experimentally by Kim et al [17] . This foundational work served to provide many of the basic channel dimensions that were studied as part of this current experimental effort.
In this present work, two basic designs of capillary-based heat exchanger are studied. Both are based on a standard silicon substrate, however, differing channel geometries and channel materials are considered for use in a final design. This study examines the balance between increasing capillary action via nonconductive SU-8 based channels versus increased thermal conductivity with reduced capillary action through the use of standard silicon channels. Further, operation at different thermal energy inputs is presented that include operation at temperatures below and exceeding the working fluid boiling point. Standard microfabrication techniques are employed to construct the exchangers. Figure 1 illustrates the basic concept studied in this work. 
EXPERIMENTAL METHODS Fabrication
Two basic types of exchangers were considered. Both were fabricated using silicon as the base substrate. Fabrication of all exchangers centered on microfabrication processes in a cleanroom environment. Specific fabrication techniques and designs are discussed in this section. Each exchanger had an overall size of 13 mm in width by 38 mm in length. Channel widths were maintained at 100 µm independent of exchanger type. Channel heights and materials were varied, however, to allow study of capillary action and thermal mass on exchanger heat transfer capability. Two materials were utilized for capillary channel fabrication. First, silicon channels were fabricated using basic RIE processes on the substrate. Second, SU-8 channels were fabricated atop the silicon substrate to allow the study of increased capillary action and channel height.
The baseline silicon exchanger fabrication began with a standard 400 µm thick, double-side polished <100> silicon wafer. Photoresist was used to pattern the wafer for RIE of the required channel structures. Channels were patterned into the photoresist with individual widths of 100 µm. Overall channel lengths were 25.5 mm, centered on the exchanger between the reservoirs noted in Figure 1 . Following photoresist patterning, the wafers were etched on one side via RIE. Exchangers with channel depths of 64 and 100 µm were created by varying exposure time to the RIE process. This allowed comparison of channel height effectiveness on phase change and heat transfer. Following the RIE process, any remaining photoresist was removed via acetone and the individual exchanger dies were diced from the original wafer. This readied them for integration with the exchanger top. Figure 2 shows a completed silicon exchanger die with 100 µm channels.
An alternative to the baseline device was developed utilizing high aspect ratio SU-8 channels. Standard 400 µm thick, doubleside polished <100> silicon wafers again served as the substrate. Before SU-8 deposition, a 5 nm thick layer of chrome was de- posited directly on the silicon surface followed by 75 nm of gold. Following gold deposition, a layer of Microchem 2100 SU-8 was spun onto the wafers. This layer was varied in thickness to allow study of various channel heights. SU-8 based exchangers were fabricated with channel heights of 48, 134, 160, and 375 µm. These heights were selected to allow for a broad range of aspect ratios, but also to compare well versus silicon-based exchanger heights. In general, the selection of SU-8 allowed channel heights to exceed the 2 to 10 µm height limit imposed by many standard photoresists. As with the silicon channel exchangers, channel widths were maintained at 100 µm. The maximum aspect ratio utilized using SU-8 channels was 375 µm tall by 100 µm wide. This compared favorably to baseline silicon devices which achieved a maximum aspect ratio of about 1:1. Following SU-8 development (via Microchem recommended practices), individual exchanger dies were diced from the wafer and ready for integration with the exchanger top.
For each exchanger manufactured using these processes, a top piece was added. This acrylic top was sized to fit directly over the exchangers and included reservoirs to feed working fluid to the fabricated capillary channels. In addition, a dome was created as a volume above the capillary channels where vaporized working fluid was collected. This allowed determination of temperature on the acrylic surface as a result of evaporation and phase change. Acrylic top pieces were fabricated using a casting technique where a single prototype was used to form a mold for subsequent devices. Liquid resin was poured into the mold and allowed to cure for several hours. This resulted in tops with good uniformity, ready for application to the exchangers. The overall size of the castings were 6.3 mm high by 23 mm in length by 8 mm in width. Each top was permanently epoxied over the exchanger to achieve good sealing and prevent working fluid from leaking between the top and exchanger components. Figure 3 shows an assembled exchanger (with SU-8 channels) and acrylic top. 
Test Setup
Testing of the fabricated exchanger assemblies was based on their ability to wick working fluid from the reservoirs out across the heated exchanger surface where it was evaporated. The capillary channels were critical to this working fluid pumping effect. The energy consumed to heat the exchanger surface was monitored so mass transfer versus energy input could be evaluated. This allowed the comparison of different exchangers ability to both effectively wick working fluid and transfer heat needed to drive phase change.
A common setup was used for these tests. Figure 4 shows the basic layout. The assembled exchanger unit was placed atop a precision scale. During operation, working fluid was added to the reservoirs via syringe and then allowed to flow out across the heated boiling surface via capillary action. Following the addition of working fluid to the reservoirs, the mass of the system was recorded versus time to assess the mass transfer rates of the various exchanger designs. The temperature of the boiling surface was increased above ambient via Omega Engineering KHLV-101/10-P resistance heaters. Power was supplied from a BK Precision 1621A digital DC power supply. To fully detail the operation of these exchangers, temperature was monitored at several locations via thermocouple (T/C). These included directly below the resistance heater, below each working fluid reservoir on the evaporator substrate, and atop the acrylic dome.
To characterize the operation of the various channel dimensions and channel materials, working fluid was allowed to exit the acrylic top via a centrally located exit hole. In this respect, the exchangers represent an "open" system with working fluid free to exit. This allowed direct study of the various capillary channel designs with respect to thermal energy input and operating temperature. Future constructions will produce a true "closed" system where working fluid may return via capillary action to the reservoirs after being cooled by the exchanger top. The working fluid used in this work was 3M T M NOVEC 7200 refrigerant. This refrigerant was selected for several reasons including its ability to boil at 76 • C. This temperature is suitable for many waste heat scavenging applications and future integration with thermoelectric devices. Operating temperatures above and below the working fluid boiling point were studied during these tests. This allowed consideration of a range of operating conditions where the exchanger may be employed.
The power input to the exchanger was maintained at two different levels for these tests. First, 1.65 W was input to produce an exchanger operating temperature that was below the boiling point of the working fluid. Tests conducted without working fluid indicated the base evaporator temperature was approximately 60 • C based on thermocouple measurement of the exchanger plate temperature. Second, energy input was increased to 2.58 W which produced a dry operating evaporator temperature of about 80 • C, well above the 72 • C boiling point for the working fluid. These energy inputs were verified through the use of a 10 ohm ceramic resistor in series with the resistance heater.
After individual exchangers reached steady state temperature, working fluid was added to the reservoirs and allowed to evaporate via the micro channels. In this manner, each exchanger was subjected to the same steady state conditions. This allowed accurate comparison via mass transfer rates and measured operating temperatures. Two methods were utilized to measure the amount of working fluid consumed by the exchangers in these tests. For tests conducted below the working fluid boiling point, rates were recorded in mg s for these experiments by noting the mass on the scale versus elapsed experimental time. This produced a plot of exchanger temperature as shown in Figure 5 .
As a result of working fluid addition, the temperatures reached a new operating steady state that was lower than the initial conditions. This period of steady state operation is noted on Figure 5 . This period represented the duration of working fluid phase change as the fluid was pulled from the surrounding reservoirs out across the heated surface. When no fluid remained in the reservoirs, the exchanger began to heat and temperatures increased. During the period of steady state operation, the mass of the system was recorded to produce mass transfer rates noted in this paper.
A slight modification was utilized to determine the working fluid mass transfer rates for exchangers operating above the fluid boiling point. In these tests working fluid was added continuously via syringe to maintain operating temperatures of the heat exchanger at a steady state condition. As before, steady state was determined by examination of thermocouple readings. The exchanger temperature was reduced from approximately 80 • C to the boiling point of the working fluid by adding working fluid to the reservoirs. This was considered the steady state operating point. After achieving this operating point, the syringe was weighed and working fluid was added manually to the reservoirs at a rate designed to maintain this operating point. Addition of too little fluid resulted in rising exchanger temperatures above the boiling point and hence, the addition rate was manually increased to maintain steady state. During this type of operation, steady state was maintained for 300 seconds or more after which the syringe was again weighed. The reduction in working fluid mass constituted the amount consumed by the exchanger. This alternate method was employed because of the increased consumption rate of the exchangers and need to introduce more working fluid than the lower temperature tests. By allowing the continuous refilling of the surrounding reservoirs, a longer and more accurate testing procedure was observed for these increased temperature runs.
In these experiments, each exchanger was tested using the methods previously described. Each exchanger was evaluated based on several separate experiments to allow the determination of an average value of working fluid mass transfer rate. Mass transfer rate was recorded via experimental mass versus time readings. A second metric of performance was also calculated based on the amount of energy consumed as a result of mass transfer given the exchanger area. To determine the exchanger area, the total channel area for each exchanger was calculated based on channel length and width dimensions. This method of calculation did not consider the walls of the channels as part of the exchanger surface. This produced a total exchanger channel area of 165.8 mm 2 independent of exchanger design. This was half of the total exchanger area due to the presence of the channel walls where no working fluid could be present. Each design had equal channel area because of channel design: channel width was equal to the separating wall width. The working fluid, HFE 7200, had a heat of vaporization, h f g , of 125 kJ kg . Using the recorded mass transfer rates, the power required to drive this phase change was determined via the heat of vaporization. This was compared to the exchanger area to determine a measure of power consumption per area in kW m 2 . It should be noted, that due to the difference in thermal conductivity of the channel materials, the silicon substrates offered an advantage. SU-8 has a thermal conductivity on the order of .2 W mK while silicon has a thermal conductivity of 149 W mK . Hence, the balance of improved capillary action (via SU-8 channels) versus increased thermal conductivity (via silicon channels) is illuminated by this measure. 
RESULTS
The results of prototype testing are included in this section. Tests were conducted to study the balance between increased capillary action (via taller non-conductive SU-8 based channels) versus increased thermal conductivity with reduced capillary action through the use of standard silicon channels. First, results reflecting exchanger operation at temperatures below the working fluid boiling point are presented. Second, results focus on exchanger operation at temperatures at or above the working fluid boiling point. The operating results for both Si and SU-8 based exchangers are presented. Given energy input of 1.65W to the exchanger and operating temperatures below the working fluid boiling point, mass transfer rate and energy consumption were measured for each type and construction of exchanger. Figure 6 shows these results. As an aid to the reader, the specific numerical results for each exchanger design are also shown in Table  1 .
The greatest overall mass transfer and power consumption was delivered via exchanger with SU-8 channels with heights of 134 µm. However, there were diminishing returns as SU-8 height increased. It was expected, based on previous modeling efforts, that increased capillary channel height would yield increased fluid flow across the heated exchanger surface [17] . However, the added thermal mass of increasing channel height provided an increasing internal heat sink and non-conductive channel walls. SU-8 has a thermal conductivity on the order of .2 W mK while silicon has a thermal conductivity of 149 W mK . In these tests, conducted at temperatures below the boiling point of the working fluid, the SU-8 exchangers showed increased performance (compared to their silicon counterparts) up to 134 µm channel heights. This yields the conclusion that the increased capillary action of these exchangers outweighs the reduced conductivity. Beyond channel heights of 134 µm the SU-8 walls produced exchangers with reduced mass transfer.
Following experiments designed to test the exchangers below the boiling point of the working fluid, tests were conducted to determine exchanger performance when operating at temperatures above the boiling point. In these tests, 2.58 W was input to the exchanger. Mass transfer rate and energy consumption were measured for each type and construction of exchanger. Specific numerical results for each exchanger design are shown in Table  2 .
As with tests conducted below the boiling point of the working fluid, several operating trends are notable. The maximum mass transfer rate was 5.50 mg sec , achieved by a silicon exchanger with 100 µm depth channels. This stands in contrast to previous, lower temperature runs where silicon exchangers did not perform as well as their SU-8 counterparts. As with lower temperature testing, the SU-8 based exchangers exhibited a peak performance as capillary channel height increased. Maximum mass transfer rates for the SU-8 based exchanger were determined to be 5.06 mg sec given a channel height of 160 µm. However, the added thermal mass of the tallest channels (375 µm) again demonstrated a reduced exchanger performance. In these tests conducted above the boiling point of the working fluid, the increased thermal conductivity and reduced thermal mass of the silicon micro channels was of greater benefit than the increased capillary action of the SU-8 channels.
Unlike tests conducted at lower temperatures, the SU-8 based exchangers showed peak performance at 160 µm channel height versus 134 µm . This was due to the elevated operating temperature of these exchangers given the increased power input. Average operating temperature of the wetted exchanger surface was measured via the substrate thermocouple noted in Figure 4 and registered 74.5 • C at the elevated heat input. By comparison, the average temperature was about 64.5 • C at the lower heat input. The additional heat input allowed the thermal sink represented by the SU-8 channels to operate at an increased temperature. As a result, the inherent tradeoff of SU-8 thermal sink versus increased capillary pumping action resulted in a best performance case via the increased channel heights.
It is useful to put these results and tests in the context of application. Two different levels of thermal energy were supplied to these prototype heat exchangers: 1.65 W and 2.58 W. These amounts were delivered over a total exchanger area of 331.5 mm 2 . This resulted in a power input of about 5.0 kW m 2 and 7.8 kW m 2 respectively. In a final prototype application, this level of heat transfer to the exchanger from a thermoelectric device corresponds well to several potential thermal scavenging operations. For example, a typical Otto cycle 4 cylinder engine has an expected thermal energy loss directly from the engine sides of about 10 % of supplied fuel energy [23] . Given an output rating of 150 kW, this equates to 45 kW lost directly to the engine surroundings. Engine surface area can be approximated as 1 m 2 based on typical automobile engine length, width, and height dimensions. This yields 45 kW m 2 available from this small Otto cycle engine from engine sides alone. Through the utilization of alternative working fluids, the heat exchangers presented in this work may be easily tailored to consume increased thermal energy by varying working fluid boiling point.
CONCLUSIONS
Heat exchangers for future integration with thermoelectric devices have been fabricated and tested for suitability in thermal energy scavenging applications. Two basic constructions were utilized. One consisted of silicon capillary channels, the other was fabricated using SU-8 based capillary channels. Channel widths were maintained at 100 µm to allow effective comparison. Channel heights were varied from 48 µm to 375 µm.
Two different thermal energy inputs were studied. The first examined operation at temperatures below the working fluid boiling point. The second studied operation at temperatures above the working fluid boiling point. In both cases, there was an inherent trade between capillary pumping and increasing thermal mass, both of which increased with increasing channel height. SU-8 based exchangers outperformed their silicon counterparts at temperatures below the working fluid boiling point. Silicon exchangers outperformed the SU-8 exchangers given operating temperatures above the boiling point. Maximum thermal energy consumption, as measured via working fluid mass transfer, was 2.29 mg s for lower temperature runs. Maximum consumption was 5.50 mg s given elevated operating temperatures. This represented an increase of 58 % given a heat addition increase of only 36 %.
Future work will concentrate on the reduction of exchanger thermal mass to further increase the energy absorption via the working fluid. Through continued development of these exchangers, increased thermoelectric generator performance is possible in many potential energy scavenging applications.
